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ABSTRACT 


Nishikawa,  Alvin  S.,  M.S.C.E.,  Purdue  Univ  ers  ity  August  19  83  . 
Breakoff  Method:  A  Nondestructive  Testing  Procedure  for 
In-Place  Evaluation  of  Flexural  Strength  of  Concrete. 
Major  Professors:  Muzaffer  Yener  and  Wai-Fah  Chen. 


The  primary  objective  of  this  research  was  to  develop 
empirical  relationships  correlating  breakoff  strength  and 
flexural  strength  as  measured  by  the  conventional  beam 
test.  To  accomplish  this  objective,  the  differential 
influence  of  several  potentially  significant  parameters 
were  investigated.  The  parameters  considered  were  (a) 
aggregate  size,  (b)  aggregate  shape,  (c)  water-cement 
ratio,  w/c,  (d)  age  of  concrete,  (e)  curing  conditions, 
and  (f)  cement  type.  In  order  to  determine  a  possible 
correlation  between  the  breakoff  strength  and  compression 
strength  of  concrete,  conventional  cylinder  tests  were 
also  carried  out.  A  total  of  122  breakoff,  140  beam  and 
110  cylinder  tests  were  carried  out. 


Evaluation  of  the  results  has  indicated  that  w/c 
ratio,  age  of  concrete,  curing  condition,  and  cement  type 
have  a  significant  differential  effect  on  the  breakoff  and 
beam   tests.    On   the  other  hand,  all  six  parameters  were 


XI 

found  to  have  a  differential  effect  on  the  breakoff  and 
cylinder  tests.  Concluding  that  the  correlation  between 
breakoff  strength  and  compressive  strength  would  be  highly 
impractical,  linear  regression  analyses  were  performed 
only  to  correlate  beam  strength  with  breakoff  strength  as 
a  function  of  the  w/c  ratio.  It  should  be  noted  that  the 
resulting  statistical  relationships  so  obtained  are  valid 
only  for  the  specified  type  of  cement,  age  of  concrete, 
and  curing  condition. 


It  was  found  that,  by  passing  best  fitting  cuirves 
through  the  means  of  the  breakoff  and  beam  test  data,  the 
differential  effect  of  w/c  ratio  may  be  neglected  for  a 
practical  range  of  w/c  ratios.  Thus,  by  normalizing  beam 
strength  with  breakoff  strength,  and  plotting  the 
f<bm>/f<bo>  ratio  against  the  w/c  ratio,  it  became  evident 
that  the  beam  strength  may  be  approximated  as  being  78%  of 
the  breakkoff  strength,  independent  of  w/c  ratio.  This 
approximation  is  valid  for  7  day  strength.  Type  I  cement 
concrete  cured  under  moist  conditions. 


CHAPTER  I 
INTRODUCTION 

1  . 1  General 


Presently,  there  exist  several  methods  which  predict 
the  in-place  strength  of  concrete.  Of  these  methods,  only 
the  Pullout  Test  [5,6,7]  and  the  Breakoff  Test 
[1,2,3,4,8,13,15]  directly  measure  a  strength  parameter. 
The  Pullout  test  appears  to  directly  measure  compressive 
strength  and  the  breakoff  test  the  flexural  strength. 
Other  methods,  such  as  the  Penetration  Test  [8,9,10,11], 
Concrete  Hardness  Test  [8,9,10,11],  Ultrasonic  Pulse  Velo- 
city Method  [8,11],  and  the  Maturity  Method  [8,9,11]  all 
measure  a  substitute  parameter. 

In  current  practice,  the  cylinder  test  is  normally 
used  to  determine  the  compressive  strength  and  the  beam 
test  is  used  for  flexural  strength  of  concrete.  It  has 
long  been  argued  that  the  strength  of  the  concrete  in  the 
actual  structure  itself  may  deviate  significantly  from 
that  of  the  test  specimen  cast  from  the  same  concrete.  The 
difference  in  strength  may  be  due  to  different  transport, 
casting,  compacting  and/or  curing.  In  view  of  this,  it  may 


be  concluded  that  tests  based  on  conditions  other  than 
those  that  exist  at  the  actual  site  may  be  misleading. 
This  in  turn  may  cause  unwarranted  failure  of  structures 
either  during  or  after  completion.  Hence,  it  is  clear  that 
while  cylinder  tests  are  of  the  utmost  importance,  the 
determination  of  concrete  strength  in  the  structure  at 
critical  stages  of  its  life  is  imperative. 

The  traumatic  cooling  tower  failure  in  West  Virginia 
early  in  1978  has  focused  the  American  Government's 
interest  on  the  desirability  and  necessity  of  adopting  an 
in-place  method  of  determining  concrete  strength.  At  the 
Fall  Convention  of  the  American  Concrete  Institute,  an 
entire  symposium  was  devoted  to  this  subject.  A  past 
president  of  ACI  put  it  this  way:  "I'm  not  aware  of  an 
example  where  collapse  followed  the  verification  of  con- 
crete quality  by  in-situ  testing"  [2] . 


1.2  Object  ives 
The  primary  objective  of  the  present  investigation 
was  to  develop  empirical  relationships  correlating  break- 
off  strength,  as  measured  by  the  NORCEM  Breakoff  Tester, 
to  the  flexural  strength,  as  measured  by  the  conventional 
beam  test,  since  it  appears  that  concrete  behavior  Is 
basically  similar  under  both  test  methods.  The  principle 
of  the  Norcem  tester  is  discussed  in  Chapter  2,  and  its 
description  is  given  in  Appendix  B. 


Unlike  earlier  investigations  of  the  breakoff  test 
method  [2,3,4,8],  in  which  only  two  to  three  variables 
were  considered,  this  program  examined  six  common  vari- 
ables which  may  differentially  affect  the  strength  as 
measured  by  conventional  cylinder  and  beam  tests,  as  well 
as  the  breakoff  test.  The  following  potentially  signifi- 
cant variables  were  considered;  (1)  water-cement  ratio, 
(2)  aggregate  size,  (3)  aggregate  shape,  (4)  age  of  con- 
crete, (5)  curing  conditions  and  (6)  cement  type. 

In  order  to  evaluate  a  test  method  for  suitability  in 
practice,  its  reproducibility  should  be  thoroughly 
checked.  Hence,  the.  secondary  objective  of  this  study  was 
to  evaluate  the  within  test  variation  of  the  Norcem  Break- 
off  Test  Method.  The  Norcem  breakoff  tester  has  been 
widely  used  in  Norway  during  the  last  few  years.  Further- 
more, cylinder  tests  were  also  conducted  to  explore  the 
possibility  of  substantial  correlation  between  the  break- 
off  strength  and  the  cylinder  compressive  strength  of  con- 
crete. It  should  be  noted,  however,  that  considering  the 
mode  of  concrete  behavior  under  the  two  test  procedures,  a 
practical  suitable  correlation  should  not  be  expected. 


1.3  Scope 
The  details  of  the  testing  program  are   discussed   in 
Chapter   II.    Section  2.1  gives  a  general  overview  of  the 
testing  program,  whereas  the  details  of  the  cylinder  test. 


beam  test,  and  the  breakoff  test  procedures  are  discussed 
in  sections  2.2,  2.3,  and  2.4.3,  respectfully.  The  princi- 
ple behind  the  breakoff  method  ,  as  well  as  a  brief 
discription  of  the  apparatus,  are  presented  in  sections 
2.4.1  and  2.4.2. 


Chapter  III  includes  a  critical  look  into  the  within 
test  variation  of  the  test  methods,  analysis  of  variance, 
and  the  regression  analysis  in  their  respective  sections 
3.2,  3.3  and  3.4.  Conclusions  and  recommendations  for 
further  research  are  listed  in  the  final  Chapter  (Chapter 
4).  This  Chapter  is  then  followed  by  a  list  of  references 
and  two  Appendices.  The  original  test  data  are  given  in 
Appendix  A,  while  Appendix  B  gives  a  detailed  description 
of  the  Norcera  breakoff  tester. 


CHAPTER    II 
TESTING    P  RUG  RAM 

2.1    General 


In  order  to  determine  the  effects  of  each  parameter 
on  the  breakoff  test,  beam  test,  and  cylinder  test 
separately,  a  single  parameter  at  a  time  was  experimen- 
tally examined  while  keeping  all  others  at  their  standard 
values.  The  variations  within  each  parameter  aru  indicated 
in  Table  1.  In  columns  I  through  8  of  Table  2,  the  con- 
tents of  the  original  11  batches  of  concrete  are  given. 
The  curing  conditions  that  the  specimens  made  from  tliese 
batches  were  subjected  to,  and  the  age  at  which  they  vere 
tested,  are  listed  in  columns  9  and  10,  respectively. 

As  indicated  in  Table  2,  r.lie  standard  combination   of 
parameters,  (batch  No.  2)  was  chosen  to  be  the  following: 


6 

Parameter  Variations 

Water-Cement    Ratio 0.44 

Cement    Type I 

Maximum  Aggregate  Size 0.5"  (1.3  cm) 

Aggregate  Shape  Rounded 

Curing  Condition Moist 

Age  of  Concrete 7  days 


Table  1.  Variations  within  parameters  being  investigated 


PARAMETER 


VARIATIONS  WITHIN  THE  PARAMETER 


Water-Cement  Ratio 
Cement  Type 
Aggregate  Size 
Aggregate  Shape 
Curing  Conditions 
Age  of  Concrete 


0.41 ,  0.44  ,  0.53 
Type  I,  Type  III 
3/8",  1/2",  3/4",  1" 
Rounded ,  Crushed 
Mois  t ,  Dry 
7-days,  28-days 


E  sc  s:  =3  3  3  =: 


The  original  batches  No.  1,  2, and  3,  were  used  to 
examine  the  effect  of  the  water-cement  ratio  on  concrete 
strength  as  measured  by  cylinder,  beam,  and  breakoff 
tests.  The  effect  of  the  cement  type  was  examined  using 
batches  2  and  11.  Batches  No.  2,  4,  5,  and  6  were  prepared 
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to  examine  the  aggregate  shape.  Batches  No.  2  and  10  were 
utilized  to  study  the  effects  of  the  curing  conditions  at 
7  day  strength  and  batches  No.  8  and  9  at  28  days.  To 
study  the  the  effect  of  the  age  of  concrete,  batches  No.  2 
and  9  were  prepared. 

A  Lancaster  model  30-DP  mulling -mixer  was  used  to 
prepare  each  of  the  eleven  batches.  From  each  batch  ten 
cylinders,  ten  beams  and  a  slab  containing  twelve  tubular 
breakoff  forms  were  cast.  Details  of  each  test  prepara- 
tion and  test  procedure  are  discussed  in  the  following 
sections.  The  original  data  obtaLaed  for  each  batch  made 
during  the  course  of  this  investigation  are  listed  In 
Appendix  A,  Table  Al. 


2.2  Cylinder  Test 
The  standard  6x12  Inch  cylinders  were  selected  due  to 
their  availability  and  common  use  in  practice.  Ten 
cylinders  were  cast  and  compacted  according  to  ASTM  C39- 
Method ,  Test  for  Compressive  Strength  of  Molded  Concrete 
Cylinders.  The  specLraens  were  allowed  to  harden  In  the 
laboratory  for  twenty-four  hours  prior  to  being  demolded, 
at  which  time  they  were  allowed  to  cure  under  appropriate 
conditions  in  the  laboratory. 

The  specimens  were  then  capped  and  the  compressive 
tests  were  performed  on  the  concrete  cylinders  as  speci- 
fied by  ASTM  C39-72,  Compressive  Strength   of   Cylindrical 


Concrete  Specimens.  The  load  was  applied  by  a  Forney  model 
No.  FT-0040-DR  hydraulic  compressive  testing  machine,  at 
a  rate  of  approximately  1000  lbs/sec.  The  load  at  which 
failure  occured  was  recorded.  The  test  data  are  presented 
in  Appendix  A  for  each  batch. 

2.3  Beam  Test 
3x4x16  inch  beams  were  used  due  to  the  availability 
of  the  reusable  steel  molds.  The  beams  were  cast  in  two 
separate  lifts,  each  being  rodded  fifty-five  times.  The 
ten  beam  specimens  were  allowed  to  harden  in  the  labora- 
tory for  twenty-four  hours  prior  to  being  demolded  and 
placed  into  the  proper  curing  enviornraent. 

The  three  point  flexural  test  was  performed  as  speci- 
fied by  ASTM  C78-75;  Flexural  Strength  of  Concrete.  Each 
beam  was  simply  supported  with  a  twelve  inch  clear  span 
and  a  two  inch  overhang  at  each  end.  Equal  loads  were  then 
applied  at  the  third  points  as  illustrated  in  Figures  1 
and  2  . 


The  load  was  applied  by  a  100,000  lb.  capacity 
Universal  hydraulic  operated  testing  machine  (Southwark- 
Eraery).  Loading  was  done  at  a  constant  rate  of  approxi- 
mately 600  Ibs/min.  until  rupture  occurred,  as  illustrated 
Figure  3.  The  total  load  at  rupture  is  listed  in  Appendix 
A  . 


10 


t).|.....!'.'^V 


] 


J 


CO 

o 

CO 


0) 

u 

> 

cr 

c 

•o 

o 


1 


'•.•:.!•:,■  ':-.[>:.. 


li;;!;  ,V.;;.->.<, 


ro 


in 


G 


T 


■'■••:'-■; 


CVJ 


c 
o 


0) 


o 

CO 

c 
o 

'« 

c 
<u 

E 


CO 
u 


T3 
C 

E 
ctf 

c. 
o; 
c« 


«rt 

■♦^ 

E 

CO 

a> 

4-> 

.c 

o 

E 

CO 

<d 

a> 

.o 

— 

(U 

0) 

-C 

c- 

+J 

3 

o: 

c_ 

-•• 

o 

U. 

«- 

11 


Figure  2.  Beam  specimen  being  loaded  by  the  Universal 
testing  machine. 


Figure  3.  Ruptured  specimen 
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2.4  Breakoff  Test 

2.4.1  The  Principle  of  the  Test  Method 
The  breakoff  method  is  the  only  nondestructive  test- 
ing procedure  presently  available  for  tl\e  i.n-place  deter- 
mination of  flexural  strength  of  concrete.  The  method  is 
based  on  tlirect  measurements  of  flexural  strength  of  con- 
crete in  a  plane  parallel  to  and  at  a  certain  distance 
from  the  surface.  The  region  which  is  to  be  investigated 
is  established  by  inserting  tubular  forms  into  fresh  con- 
crete, immediately  after  castl.uii  and  leveling.  At  the 
time  of  testing  the  forms  are  removed,  thereby  establLsh- 
L  uij  a  narrow  tubular  slit  surrounding  a  concrete  core  pro- 
jection. A  splitting  force  in  the  upper  zone  is  introduced 
until  rupture  occurs.  This  principle  is  illustrated  in 
Figure  4.  In  essence  ,  tl\e  prcjcedure  is  similar  to  a  can- 
tilever beam  subjected  to  a  concentrated  force  at  its  free 
end  . 


In  its  present  form,  the  breakoff  procedure  is  simple 
and  can  be  conducted  very  rapidly.  Since  the  forms  are 
placed  into  fresh  concrete,  this  procedure  is  primarily 
applied  for  the  flexural  strength  determination  of  fresh 
concrete.  Special  diamond  drills  have  been  used  to  dilant 
the  procedure  for  the  .le  t  e  rm  i  na  t  ion  of  in-place  concrete 
strength  in  existing;  structures.  The  drills  are  capable  of 
establishing  tubular  slits  in  hardened  concrete  without 
affecting  the  test  results  [2]. 
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Figure  4.  Schematic  of  concrete  core  projection  established 
by  the  tubular  form  and  location  of  applied  load. 
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2.4.2  Testing  Apparatus 

The  loading  apparatus  consists  of  two  separate  main 
components;  a  tubular  shaped  load  cell  connected  through  a 
flexible  delivery  hose  to  a  hydraulic  hand  pump  and  a 
manometer,  as  illustrated  in  Figure  5.  The  pressure  read- 
ing of  the  manometer  is  recorded  in  units  of  kp/square 
centimeter  as  shown  in  Figure  6  ( 1  kp  =  9.807N  or  1  kp  = 
2.205  lbs.).  A  detailed  description  of  the  loading  device 
is  given  in  Appendix  B. 


The  tubular  shaped  disposable  forms  are  made  out  of 
plastic  and  have  a  coating  of  temperature  resistant  slip 
agent.  These  forms  are  easily  removed  fro!i  the  concrete  by 
the  aid  of  a  special  tool  (a  key)  that  i.s  a  standard 
accessory  (see  Figure  10). 
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Figure  5.  Norcem  Breakoff  Tester  loaaing  apparatus. 


Figure  6.  Calibration  of  the  Norcem  apparatus  manometer 
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2.4.3  Testing  Procedure 
A  rainimum  of  five  inch  center-line  to  center-line 
spacing  and  a  minimum  depth  of  four  inches  for  the  tubular 
forms  were  used  as  a  guide  [3]  in  adapting  the  23x23x4.75 
inch  slab.  Originally  the  slab  was  to  contain  sixteen 
tubular  forms,  but  later  12  breakoff  specimens  for  each 
batch  was  thought  to  be  s  tat  I.s  i.  I.oa  lly  sufficient.  This 
resulted  in  more  than  adequate  ciinter-line  spacing  and 
siif^icient  depth.  The  layout  of  the  tubular  forms  is  shown 
In    F  igure     7  . 


The  form  for  the  concrete  slab  was  constructed  out  of 
3/4  inch  plywood.  Grease  was  applied  to  the  interior  face 
of  the  plywood  form  to  provide  a  water  tight  seal.  The 
slab  was  cast  in  two  lifts,  eacli  b>i  I  ajj  roddiid  four  huailr^.l 
I  Oit'S  .  The  tubular  forms  were  tilK,-'!  cirerull/  inserted  by 
hand  with  a  twisting  motion.  In  batches  with  the  lower 
wat  e  r-cerae  at  ratios,  a  depresslori  always  occured  wltliln 
I  he  ! 'le  confines  of  the  tubular  forms.  Also,  the  concrete 
adjacent  to  the  exterior  face  of  tlie  tubular  forms,  bulged 
upward  In  the  insertion  process.  This  raised  portion  of 
concrete  was  then  utilized  to  fill  the  depression  until 
the  entire  slab  had  a  smooth  and  level  surface.  Figure  8 
Illustrates  the  insertion  i)rocess,  while  Figure  9  illus- 
trates the  resulting  depression  arid  slight  bulge  as  well 
as     the     Final    seating     of     the    tubular    forms. 
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Figure  7.     Layout  of  breakoff  test  specimens 
in  the  test  slab. 
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Figure  8.  Insertion  of  tubular  forms  into  fresh  concrete 


Figure  9.  Influence  of  tubular  forms  on  adjacent  aggregate 
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It  appears  rhat".  one  difficulty  would  consistently 
occur  while  placing  the  tubular  forms;  smooi.U  Insertions 
would  be  interrapted  by  large  aggrej^ates  as  the  tubular 
forms  are  placed.  The  tubular  forms  would  then  have  to  be 
sligthly  juggled  from  side  to  side.  This  usually  allevi- 
ates the  problem  and  smooth  insertion  can  he  continued. 

Similar  to  the  cylinders  and  beams,  the  slab  was 
allowed  to  harden  In  the  laboratory  for  twenty-four  hours. 
Following  this  period,  the  slab  mold  was  removed  and  the 
specimen  was  allowed  to  cure  under  proper  env ior nment al 
conditions.  Tubular  forms  remained  in  place  during  the 
curing  stage  and  were  removed  just  prior  to  the  perfor- 
mance of  the  breakoff  test.  Figure  10  Illustrates  the 
removal  of  the  tubular  forms. 

An  opening  In  which  the  load  cell  would  rest  was  left 
after  the  removal  of  the  forms.  The  load  cell  is  self- 
positioning,  such  that  the  location  of  the  applied  load  is 
automatically  established.  The  load  cell  was  in  turn  con- 
nected to  a  hand  pump  that  controlled  the  rate  of  load 
application,  as  shown  in  Figure  11.  The  cores  were  loaded 
at  a  rate  of  2.5  kp/cm2  (35.56  psi)  per  second.  This  load 
rate  was  applied  until  the  core  ruptured  in  flexure  and 
the  corresponding  pressure  reading  of  the  manometer 
recorded.  The  pressure  reading  was  then  converted  to  the 
breakoff  strength  of  the  core  using  a  typical  calibration 
curve  shown  In  Figure  12  [16].  After  the  completion  of  the 
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test,  the  resu  1 1.  i.  u;i  void  left  by  the  removal  of  the  core 
(Figure  13)  could  easily  be  filled  with  fresh  concrete. 
Thus,  in  practice,  the  original  surface  contour  could  be 
reestablished  to  .i[ii>iMr  as  a  nondes  true  ted  surfaci:;. 


Originally,  excluding  three  deficient  breakoff  tests, 
a  total  of  107  breakoff,  110  beam  and  110  cylinder  tests 
were  performed.  Several  breakoff  tests  were  considered 
deficient  because  failure  did  not  take  place  at  the  base 
of  the  core,  but  instead  occured  at  a  closer  distance  to 
the  applied  transverse  load.  This  suggested  that  an  imper- 
fection or  poor  compaction  existed  in  the  region.  The  data 
was  therefore  disregarded.  All  other  breakoff  data  were 
recorded  and  are  presented  in  Appendix  A  along  wLch  data 
points  for  the  cylinder  and  the  beam  tests  made  from  the 
original  eleven  batches. 
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Figure  10.  Removal  of  tubular  form  with  use  of  key 


Figure  11.  Application  of  load  on  concrete  core 
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Figure   I  2.    Calibration  of  manometer  pressure  to  breakoff  strength 
obtained  from  this  manufacturer's  graph. 
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Figure  13.  Damaged  region  due  to  concrete  core  removal 
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CHAPTER    III 
EVALUATION     OF    TESTING    PROGRAM 

3.1    General 


In  order  to  accomplish  the  objectives  of  the  investi- 
gation, the  data  collected  on  the  original  sets  of  speci- 
mens were  analyzed  using  appropriate  statistical  pro- 
cedures. In  order  to  determine  the  degree  of  reliability 
of  the  present  breakoff  test  method,  the  within  test  vari- 
ation of  the  method  was  statistically  compared  with  that 
of  accepted  [irocedures.  Later,  two-way  analyses  of  vari- 
ance were  carried  out  to  determine  whether  any  of  the 
parameters  studied  had  a  differential  effect  on  the  rela- 
tionship between  breakoff  and  beam  tests,  and  between 
breakoff  and  cylinder  tests.  If  a  differential  effect  was 
detected,  the  parameter  involved  was  studied  further. 
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3.2  Within  Test  Variation 

The  distribution  of  the  experimental  data  indicates 
that  the  breakoff  test  method  has  the  highest  within  test 
variation  (Coefficient  of  Variation,  GOV)  of  the  three 
test  methods  examined.  Table  3  lists  the  GOV  for  each 
batch.  The  average  within  test  variation  (percentage)  was 
found  to  be  3.3  for  the  cylinder  test,  7.5  for  the  beam 
test,  and  9.1  for  the  breakoff  test. 


Using  the  average  GOV  and  utilizing  alpha-P  curves 
[11],  it  can  be  shown  that  5  breakoff  tests  are  sufficient 
to  obtain  90%  probability  that  the  average  strength 
obtained  is  within  10%  of  the  actual  average  breakoff 
strength  of  the  concrete. 
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Table  3.  Within  test  variation  (GOV,  %)  of  all  tests 
performed . 


Batch  No.*   Cylinder  Test   Beam  Test 


Breakoff  Test 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 


1  .9 

2  .6 

3  .5 
3.1 
4.2 
4.0 
3.6 
2.9 
4.5 
4.3 
2  .3 


6, 

.2 

5 

.0 

8 

.2 

7 

.5 

6 

.0 

10 

.3 

5 

.9 

8 

.7 

4 

.2 

9 

.4 

7 

.9 

7 

.8 

4 

.2 

13 

.0 

5.1 
11  .2 

6  .2 
4.7 
9  .0 

13  .3 

8.0 

13  .4 

7  .0 
9.4 

10  .2 


12 
13 
14 


3.2 
13  .2 
13  .7 


Av  erag  e  3.3 

*Refer  to  table  2. 


7  .5 


9  .1 


3.3  Analysis  of  Varian 


ce 


In  an  effort  to  identify  the  parameters  which  do  have 
a  differential  effect  on  the  beam  and  breakoff  tests,  as 
well  as  on  the  breakoff  and  cylinder  tests,  two-way  ana- 
lyses of  variance  (type  of  test  by  level  of  parameter) 
were  performed  on  the  original  eleven  batches.  These  ana- 
lyses were  done  by  implementing  the  use  of  the  Statistical 
Package  for  the  Social  Sciences,  SPSS  Version  8.3,  and  a 
significance  level,  p,  of  0.05  or  less  was  established  as 
the  criterion  of  significance.  In  the  analyses  on  the 
breikoff  and  beam  test  results,  significant  interactions 
between  type  of  test  and  level  of  parameter   were   evident 
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for  the  following  parameters:  (a)  water-cement  ratio  (F  = 
7.128,  p  <  0.002),  (b)  age  of  concrete  (F  =  21.196,  p  < 
0.001),  (c)  curi.a>-  conditions  (F  =  4.239,  p  <  0.047),  and 
(d)     cement     type       (F       =       5.616,       p       <       0.023).  Subsequent 

Newman-Keuls  analyses  confirmed  that  these  significant 
results  were  due  to  the  differential  effects  of  the  vari- 
ous levels  of  each  parameter  on  the  breakoff  and  beam 
te'st.s.  Analysis  of  variance  resvilts  for  aggregate  shape  (F 
n.S2l,  p  <  0.475)  and  aggregate  size  (F  =  2.259,  p  < 
0.089)  indicated  no  significant  in  t  e  re)  c  t  Ion  ;  therefore,  no 
differential    effects. 


Profiles  of  the  breakoff  test  and  beam  test  with 
respect  to  water-cement  ratio,  age  of  concrete,  cu  r  i  ii;j 
conditions,  cement  type,  H'^^regate  shape,  and  '^iti  ri'^  a !.  e 
size  are  shown  in  Figures  14a  through  14f,  re  spect  Lv  e  ly  . 
All  data  points  are  plotrel,  and  the  mean  values  of  the 
data  from  each  test  at  each  level  of  a  parameter  are  con- 
nected to  form  a  profile.  These  profiles  graphically 
illustrate  the  relationships  betwei^ri  ;  he  two  tests  for 
eacli  parameter.  In  general,  parallel  or  nearly  parallel 
profiles  would  indicate  no  signLfLcant  differential  effect 
(>r  !-.Ue  i>araneter  on  the  results  of  the  brt;a'coff  and  beam 
tests.  The  s  i.;-^  a  I  f  icant  deviations  from  parallel,  for  the 
first  four  parameters  listed,  are  readily  evident  by 
inspection  of  the  profiles  in  Figures  14a  throu^^h  14d.  For 
example,    Figure     14a    shows     that     the    differences    between    the 
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breakoff   ami  beam  test  results  are  jireater  ir.  r^ome  levels 

of  water-cement   ratio   than   at   others.   The  relatively 

smaller   dev Lat Lous   from   parallel  in  Figures  14e  and  14f 
are  statistically  nonsignificant. 

The  analysis  of  variance  on  the  breakoff  and  cylinder 
test  data  resulted  in  significant  Interactions  between 
type  of  test  and  all  of  the  variables  coii'^idered  (Table 
A),  indicating  that  the  relationship  between  the  breakoff 
and  cylinder  strengths  would  be  highly  nonlinear.  On  the 
basis  of  this  evidence,  a  linear  regression  analysis  was 
performed  only  to  determine  the  correlation  between  break- 
off  strength,  f<bo>  and  beam  strength  f<bm>.  Thus,  in  gen- 
eral the  beam  stress  is  expected  to  be  a  function  of  the 
variables  indicated  in  Equation  1  below. 


f<bm>  =  F(f<bo>,  w/c,  age,  curing,  cement  type) 


(1) 
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Figure    I  4a.    Profiles  of  breakoff  test  and  beam  test  with  respect 
to  water-cement  ratio. 
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Figure   I  4b.  Profiles  of  breakoff  test  and  beam  test  with  respect 
to  age  of  concrete. 
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Figure   I  4c.    Profiles  of  breakoff  test  and  beam  test  with  respect 
to  curing  enviornment. 
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Figure   I  4d.   Profiles  of  breakoff  test  and  beam  test  with  respect 
to  cement  type. 
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Figure   I  4e.    Profiles  of  breakoff  test  and  beam  test  with  respect 
to  aggregate  shape. 
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Figure   I  4f.    Profiles  of  breakoff  test  and  beam  test  with  respect 
to  aggregate  size. 
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Table  4.  F  statistics  and  corresponding  levels  of 
significance  for  the  breakoff  and  cylinder  tests. 


Parameter 


Value  of  F     Significance  of  F,  p 


Water-Cement  Ratio 
Age  of  Concrete 
Curing  Condition 
Cement  Type 
Aggregate  Shape 
Agg  regat e  Size 


243.411 
87  .301 
47  .805 

150.018 
10  .773 
16  .793 


0  .001 
0  .00  1 
0.001 
0.001 
0  .00  1 
0  .001 


3.4  Evaluation  of  Figure  14 

The  trend  of  test  results  shown  in  Figure  14a  is  as 
expected.  Both  the  beam  and  the  breakoff  strengths 
increase  as  the  w/c  ratio  decreases.  Furthermore,  the  beam 
tests  yield  lower  strength  than  breakoff  tests.  This 
behavior  is  attributed  to  the  fact  that  failure  may  ini- 
tiate at  the  weakest  section  within  the  uniform  moment 
region  in  beam  tests  (weak-link  theory).  On  the  other 
hand,  the  critical  section  at  which  rupture  occurs  is  at 
one  location,  namely  at  the  bottom  of  the  breakoff  speci- 
men . 


Figure  14b  illustrates  that  the  breakoff  test  is  not 
sensitive  to  the  age  difference  while  the  beam  strength 
increases  considerably  as  the  age  of  concrete  is  increased 
from  7  days  to  28  days.  This  may  be  attributed  to  the  fact 
that  the  w/c  ratio  at  the  critical  section  in  the  breakoff 
test   is   not   noticeably  altered  within  these  age  limits. 

On  the  other  liand  ,  the  rate  of  hydration  is  much  higher  at 
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the  critical  outer  surface  of  the  beam  specimens. 

It  is  speculated  here  that  the  reason  why  the  age   of 
testing  has  indicated  a  s  ijj  n  i.  f  icant  differential  effect  on 
the  breakoff  and  beam  tests  is  due  to  the  procedures   fol- 
lowed in  the  test  methods  involved.   If  the  critical  point 
of  maximum  tensile  stress,  where   rupture   is   assumed   to 
initiate   in   breakoff   tests,  experiences  the  same  curing 
condition  with  age  as  in  the  beam  tests,   it   is   possible 
that  breakoff  strength  may  show  similar  sensitivity  to  the 
age  of  concrete.  This  speculation  can  be   easily   verified 
experimentally  by  removing  the  tubular  forms  from  the  slab 
at  the  same  time  the  beam  molds  are  stripped.   This   would 
expose   the  critical  section  Ln  breakoff  tests  to  free  air 
during  the  curing   period.   With   the   increased   rate   of 
hydration,   if   adequate   curing  time  is  allowed,  concrete 
properties  at  the  outer  surface  of  beams  and  at  the   outer 
periphery   of   the   critical  section  in  breakoff  specimens 
may  be  simi lar . 


The  fact  that  the  level  of  the  critical  section 
influences  the  breakoff  strength  may  be  alternatively  ver- 
ified by  casting  a  3"x4"xl6"  beam,  as  well  as  a  3"x8"xl6" 
bean  from  the  same  batch  of  concrete.  At  28  days  the 
3"x8"xl6"  beam  may  be  cut  at  its  middepth,  such  that  the 
resulting  beam  is  identical  in  size  to  the  3"x4"xl6"  beam. 
Both  beams  can  then  be  loaded  at  the  third  points  as  in 
the   standard   flexural  test,  with  the  freshly  cut  face  of 
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the  beam  as  the  extreme  fiber  in  tension.  If  the  level  of 
the  critical  section  does  have  an  influence,  both  beams 
will  differ  in  strength  by  an  amount  approximately  equal 
to  that  observed  between  breakoff  and  beam  tests  using 
present  testing  procedures.  This  would  be  true  provided 
the  mode  of  concrete  behavior  both  in  breakoff  and  beam 
tests  is  the  same. 

The  above  speculation  raises  another  interesting 
argument.  Assuming  the  critical  state  of  stress  in  the 
concrete  under  both  breakoff  and  beam  tests  is  similar, 
and  if  the  concrete  properties  at  the  time  of  testing  are 
Identical,  the  only  reason  why  the  breakoff  strength  is 
higher  than  the  beam  strength  would  be  due  to  the  weak- 
link  theory.  Hence,  if  the  beam  test  is  carried  out  in 
such  a  manner  that  the  uniform  moment  region  is  elim- 
inated, it  is  reasonable  to  assume  that  both  a  beam  loaded 
at  its  midspan  and  a  breakoff  specimen  which  is  allowed  to 
hydrate  at  a  similar  rate  should  yield  the  same  results. 
To  experimentally  verify  this  observation,  beam  tests  with 
one  point  loading  can  be  conducted  at  28  days  and  results 
compared  with  corresponding  breakoff  tests  with  the  tubu- 
lar forms  removed  during  the  curing  period. 


Figure  14c  illustrates  that,  for  tests  conducted  at  7 
days,  the  breakoff  strength  is  only  slightly  sensitive  to 
the  curing  conditions.  It  is  speculated  that  7  days  is 
insufficient   time   to   affect  the  critical  section  in  the 
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breakoff  test,  70 mm  (2.75  inches)  below  the  surface. 
Apparently,  efforts  to  moist-cure  the  slab  have  very  lit- 
tle effect  on  the  critical  surface  within  7  days.  On  the 
other  hand,  beam  specimens  where  the  critical  surface  is 
directly  exposed  to  the  env iornment  register  a  significant 
difference  in  strength. 

As  indicated  in  Figure  14d,  it  appears  that  the 
breakoff  strength  is  only  slightly  sensitive  to  the  types 
of  cement  considered.  Although  types  I  and  III  have 
identical  chemical  make-up,  they  do  differ  L  ri  the  percen- 
tages of  each  component  chemical.  It  appears  reasonable  to 
believe  that  the  local  conditions  at  critical  sections 
within  the  specimen  affect  the  rate  of  chemical  interac- 
tion. Apparently,  7  day  curing  time  is  not  sufficient  to 
activate  the  necessary  chemical  interactions  to  the 
desired  degree  in  breakoff  tests. 


Unless  very  high  strength  concrete  or  weak  aggregate 
are  used,  the  rupture  due  to  flexural  loading  is  con- 
trolled by  the  aggregate-cement  bond.  It  is  therefore 
expected  that  the  aggregate  shape  and  size  would  not  have 
considerable  effect  on  either  the  breakoff  or  the  beam 
test  method.  As  indicated  by  the  statistical  analysis  and 
as  can  be  seen  from  Figures  14e  and  I'^f,  neither  beam 
tests  nor  breakoff  tests  are  sensitive  to  aggregate  shape 
or  size. 
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From  the  arguments  presented  in  this  section  it 
appears  that  the  differential  effects  reflected  by  the 
statistical  analyses  for  most  of  the  variables  may  not  be 
due  to  differences  in  test  methods  but  due  to  actual 
differences  in  concrete  properties  at  different  critical 
section  levels.  Hence,  if  these  observations  can  be  veri- 
fied experimentally  as  outlined  in  this  section,  the 
breakoff  test  method  as  is  may  prove  to  be  a  very  reliable 
nondestructive  testing  procedure  for  determining  flexural 
strength  of  in-place  concrete.  In  the  absence  of  further 
experimental  evidence,  these  observatLous  rnnain  only  as 
s pecu la t  ion s  . 

3.5  Regression  Analysis 
Considering  that  the  age  of  concrete,  the  curing  con- 
ditions and  the  cement  type  are  discrete  parameters,  a 
linear  rev^ression  analysis  was  performed  on  the  effects  of 
water-cement  ratio  only.  Thus,  to  obtain  statistically 
reliable  equations,  additional  breakoff  and  beam  tests 
were  carried  out  varying  only  the  water-cement  ratios.  The 
^f^aeral  form  of  such  an  equation  is  given  in  Equation  2, 
which  would  be  valid  for  specific  values  of  concrete  age, 
curing  conditions,  and  cement  type;  specifically  7  day 
strength,  moist  curing,  and  type  I  cement. 


f<bm>  =  r(r<bo>,  w/c) 


(2) 
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Three  additional  batches  with  W/C  =  0.35,  0.38,  and 
0.47  were  made.  Specimens  were  prepared  and  tested  in  the 
same  manner  as  the  original  eleven  batches.  Several  of 
these  additional  breakoff  tests  were  rejected  on  the  basis 
that,  on  the  first  load  application,  specimens  did  not 
rupture  within  the  loading  capabilities  of  the  testing 
apparatus.  This  resulted  in  an  additional  30  beams  and  15 
breakoff  tests. 

Since  the  aggregate  size  and  shape  had  no  differen- 
tial effect  on  the  beam  and  breakoff  tests,  it  follows 
that  all  the  batches  listed  in  Table  Al  except  for  batches 
No.  9,  10,  and  11,  could  be  used  in  the  regression 
analysis.  This  would  leave  60  test  points  for  w/c  =  0.44, 
far  outweighing  the  available  data  in  the  other  water- 
cement  ranges.  Thus,  in  order  to  avoid  weighing  the 
analysis  toward  a  w/c  =  0.44,  only  batches  1,  2,  3,  12, 
13,  and  14  were  considered.  This  left  60  beam  and  42 
breakoff  tests  available  for  analysis. 


Having  only  42  breakoff  tests,  a  corresponding  number 
of  beam  tests  was  selected  from  the  60  available  values. 
The  correspondence  was  randomly  made  within  the  respective 
water-cement  ratios,  and  the  associated  values  of  beam  to 
breakoff  tests  are  shown  in  Table  5. 


41 


Table  5.  Data  used  In  regression  analysis  to  obtain 
equation  3  . 


Batch  No. 


B  reakof f  Stress 

Beam  Stress 

(MPa) 

(MPa) 

7  .07 

8.97 

6.43 

8.28 

6.34 

8.13 

6  .34 

8.13 

6  .22 

8.05 

6  .22 

7  .95 

6  .09 

7  .60 

5  .74 

7  .49 

5.45 

6.99 

5.33 

6  .57 

5.33 

6  .19 

5.26 

6  .08 

5.21 

6  .00 

5  .12 

5  .89 

5.03 

5  .78 

4.98 

5  .62 

4  .81 

5  .09 

5  .21 

6  .27 

5.21 

6.23 

5  .17 

6.16 

5.17 

6.12 

5  .10 

6  .00 

4.93 

5  .78 

4.76 

5.78 

4.52 

5  .43 

4.40 

5.43 

4  .10 

5  .32 

7  .86 

9  .46 

7  .46 

9  .04 

7  .52 

9  .31 

7  .22 

8.59 

6.97 

8.32 

6  .71 

6  .95 

6  .60 

6  .91 

12 
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Table  5,  Continued 


Batch  No. 


Breakoff  Stress 

Beam  Stress 

(MP  a) 

(MP  a) 

6  .69 

9  .49 

5  .69 

9  .49 

5.43 

9.04 

5  .43 

8.81 

4  .91 

7  .98 

4.79 

7.14 

4  .76 

6.99 

4.67 

6.84 

14 


A  linear  regression  performed  using  the  SPSS  program 
on  all  42  cases,  as  given  in  Table  5  and  shown  graphically 
in  Figure  15,  resulted  in  the  following  correlation  equa- 
tion   with     r-squared     =    0.80: 


f<bm>(MPa)     =    0 . 32 f <bo >(MPa )     -    9.39(w/c)     -    7.61 


(3) 


where  w/c  is  determined  by  weight  and  IMPa  =  0.145ksi. 


Using  the  means  of  the  beam  test  and  breakoff  test 
data  as  presented  in  Table  Al  and  shown  graphically  in 
Figure  16,  (i.e.,  with  regression  carried  out  using  only 
six  cases),  the  following  relationship  was  obtained  with 
r-squared  =  0.88: 


f<bm>(MPa)  =  O.lOf <bo>(MPa)  -  13.73(w/c)  +  11.13 


(4) 


Although  Equations  (3)  and  (4)  represent  the  best 
statistical  relationships  between  the  variables  involved 
for    the    data    obtained,     a    simpler,       more       direct       means       of 
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correlating  breakoff  strength  and  beam  strength  would  be 
desirable  from  the  viewpoint  of  the  practioner.  It  is 
desirable  to  see  in  which  regions  the  w/c  ratio  has  a  more 
pronounced  differential  effect  and  whether  there  is  a 
region  in  which  the  effect  of  w/c  can  be  neglected. 

It  appears  from  Figure  16  that  best  fitting  second 
degree  parabolic  curves  passed  through  the  means  of  the 
breakoff  and  beam  test  points  indicate  that  the  differen- 
tial effect  of  w/c  ratio  is  negligible.  To  substantiate 
this  observation  without  resorting  to  statistical  analysis 
a  normalized  curve  is  plotted  in  Figure  18,  where 
f<bm>/f<bo>  ratio  was  plotted  against  the  w/c  ratio. 

It  can  be  seen  from  Figure  18  that  the  variation 
introduced  by  the  w/c  ratio  for  normalized  concrete 
strength  is  indeed  negligible.  Hence,  it  can  be  concluded 
that  for  a  practical  range  of  w/c  ratios,  especially  for 
w/c  ratios  larger  than  0.41,  the  relationship  between 
breakoff  and  beam  strengths  can  be  expressed  independently 
of  the  w/c  ratio  for  the  specific  values  of  concrete  age, 
type  of  cement  and  curing  condition.  Within  the  specified 
range  of  w/c  ratio,  it  appears  from  Figure  18  that  the 
beam  strength,  on  the  average,  is  about  22%  smaller  than 
the  corresponding  breakoff  strength.  The  beam  strength  as 
a  function  of  breakoff  strength  may  therefore  be  expressed 
as  : 
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f<bm>  =  0.78  f<bo>(MPa) 


(5) 


It  should  be  noted  that,  at  the  present,  Equation  (5) 
has  the  same  resrictions  as  those  of  Equations  (3)  and  (4) 
regarding  other  variables  examined. 
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Figure    I  5.    Data  used  in  obtaining  regression  Equation  (3). 
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Figure    I  6.    Data  used  in  obtaining  regression  Equation  (4). 
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CHAPTER    IV 
CONCLUSIONS    AND     ElE  COMMENDAT  ION  S 

4  . 1  Conclus  ions 


The  following   conclusions   can   be   drawn   from   the 
present  investigation: 

(1)  The  breakoff  test  results  yield  a  relatively  high 
within  test  variation  as  compared  to  the  cylinder  and  beam 
tests  (Table  3).  Due  to  this  high  variation,  care  should 
be  taken  in  interpreting  the  concrete  strength  as  obtained 
through  the  use  of  the  Norcem  breakoff  tester.  Although 
it  is  not  within  the  scope  of  this  investigation  to  deter- 
mine the  source  of  such  a  high  variation,  it  is  speculated 
that  it  may  be  due  to  one  or  more  of  the  following:  (1) 
the  loading  apparatus,  (2)  the  rate  of  loading,  (3)  the 
dimensions  of  the  tubular  form,  and/or  (4)  the  operator  of 
the  testing  device. 

(2)  Since  it  was  obvious  that  a  simple  relationship 
between  the  breakoff  and  cylinder  tests  could  not  be 
found,  no  attempt  was  made  to  correlate  these  two  test 
methods.  This  highly  nonlinear  nature  of  correlation  is 
reflected  in  the  fact  that  all  six  parameters  investigated 
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were  found  to  have  a  significant  differential  effect  on 
the  two  test  methods.  The  resulting  expression  would  have 
been  complex  and  practically  useless. 

(3)  Water-cement  ratio,  age  of  concrete,  curing  con- 
ditions, and  cement  type  were  found  to  have  significant 
differential  effects  on  the  breakoff  and  beam  tests,  while 
aggregate  size  and  aggregate  shape  did  not. 

(4)  Recognizing  that  age,  curing  conditions  and 
cement  type  are  discrete  parameters,  a  regression  analysis 
was  performed  only  with  respect  to  the  water-cement  ratio. 
The  resulting  linear  regression  analysis  performed  on  all 
42  cases,  as  listed  in  Table  5  and  presented  in  Figure  15, 
had  a  coefficient  of  correlation  of  0.30  (Equation  3). 
When  the  same  analysis  was  done  using  the  means  of  the 
beam  and  breakoff  tests,  as  listed  in  Table  Al  and 
presented  in  Figure  16,  the  coefficient  of  correlation  was 
increased  to  0.88  (Equation  4).  It  should  be  noted  that 
both  Equations  (3)  and  (4)  are  valid  only  for  7  day,  Type 
I  cement  concrete  cured  under  moist  conditions. 

(5)  In  an  effort  to  obtain  a  direct  correlation 
between  breakkoff  strength  and  beam  strength,  smooth 
curves  were  passed  through  the  respective  means  of  the 
breakoff  and  beam  test  data  as  shown  in  Figure  17.  By  nor- 
malizing beam  strength  with  breakoff  strength,  as  shown  in 
Figure   18,   it  was  observed  that  the  beam  strength  on  the 
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average  is  about  22%  lower  than  the  corresponding  breakoff 
strength.  Thus,  the  beam  strength,  for  practical  pur- 
poses, may  be  approximated  as  being  78%  of  the  breakoff 
strength  (Equation  5).  This  direct  correlation  is  valid 
only  for  7  day,  Type  I  cement  concrete  cured  under  moist 
conditions . 

(6)  A  total  of  at  least  5  tests  should  be  conducted 
in  order  to  determine  the  average  breakoff  strength  of  a 
concrete  batch,  such  that  9  out  of  10  specimens  would  be 
within  10  percent  of  the  average  of  a  very  large  group  of 
specimens  from  the  same  concrete. 

(7)  Beam  strengths  obtained  through  Equations  (3), 
(A),  and  (5)  may  be  interpreted  as  results  obtained  from 
tests  conducted  on  hypothetical  beam  specimens  which  have 
been  exposed  to  the  same  conditions  as  the  breakoff  speci- 
mens . 

(8)  The  breakoff  method  may  be  performed  very 
rapidly.  With  the  loading  rate  of  2.5  kp/cm2/sec  (1  kp  = 
9.807  or  I  kp  =  2.205  lbs.),  the  entire  testing  procedure 
for  a  single  test  may  take  less  than  two  minutes. 


(9)  The  Norcem  Breakoff  Tester  has  insufficient  load 
capacity.  A  total  of  twenty-one  breakoff  tests  ,  when 
loaded  to  the  capacity  of  the  test  apparatus,  did  not  fail 
on  the  first  load  application.  The  cores  were  unloaded  and 
then  reloaded,  and  in  some  cases  it  took  up   to   six   load 
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applications   for   failure  to  occur.  Of  course,  these  test 
results  were  not  included  in  the  analysis  of  the  data. 


A. 2  Recommendations  for  Further  Research 
In  an  effort  to  better  understand  the   feasiblity   of 
the   breakoff   test  method,  the  followingg  suggestions  are 
made  : 

(1)  For  the  purpose  of  minimizing  the  within  test 
variation  of  the  breakoff  test,  it  is  highly  recommended 
that  a  reliable  rate  of  load  be  established  through 
further  investigation. 

(2)  There  are  two  significant  apparatus  variables 
that  may  affect  the  breakoff  force;  (1)  the  diameter  and 
(2)  the  length  of  the  tubular  forms.  The  effect   of   these 

variables  on  the  breakoff  force  should  be  investigated  in 
a  further  study  so  as  to  obtain  the  optimal  form  size.  The 
diameter  and  length  of  the  forms  should  be  limited  so  as 
not  to  result  in  a  large  damaged  area  in  the  concrete.  On 
the  other  hand,  the  diameter  of  the  forms  should  be  suffi- 
ciently large  to  accommodate  relatively  large  aggregate 
particles  . 

(3)  The  influence  of  existing  stresses  on  a  concrete 
structure  should  be  examined.  For  example,  how  is  the 
breakoff  force  affected  by  the  presence  of  p recomp re ss ion 
in   existing   structures?    This   knowledge   would  provide 
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valuable   guidance   in   the   interpretation   of    breakoff 
strengths  obtained  in  the  field. 

(4)  The  influence  of  environmental  conditions  exist- 
ing at  the  construction  site  should  also  be  investigated 
in  cooperation  with  a  local  contractor.  These  env iornmen- 
tal  conditions  could  include  freezing,  ponding  of  water, 
freeze-thaw,  and  exposure  to  winds,  among  other  things. 

(5)  Although  Philleo  [2]  has  found  that  the  drilling 
of  tubular  slits  in  hardened  concrete  to  obtain  the  neces- 
sary breakoff  specimen  does  not  affect  the  test  results, 
it  is  recommended  that  further  investigation  be  conducted 
to  validate  this  conclusion.  The  possiblity  of  less  costly 
procedures  applicable  to  already  hardened  concrete  should 
also  be  investigated. 

(6)  The  relationship  of  Equations  (3),  (4),  and  (5) 
obtained  in  this  investigation  are  valid  only  for  7  day 
strength.  Type  I  cement  concrete,  cured  under  moist  condi- 
tions. These  restrictions  limit  the  range  of  applicablity 
of  these  Equations.  Thus,  further  research  should  be  con- 
ducted to  explore  the  individual  effects  of  each  of  these 
3  parameters  upon  the  relationship  between  beam  and  break- 
off  strength. 

(7)  Further  research  should  be  conducted,  as  sug- 
gested in  Section  3.4,  to  determine  whether  the  test 
methods  or  the  actual  differences  in   concrete   properties 
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at  the  exposed  critical  face  of  the  beam  specimen  as 
opposed  to  the  critical  section  of  the  breakoff  test,  70mm 
below  the  concrete  surface,  are  the  cause  of  differential 
effects  indicated  by  the  statistical  analyses. 


LIST    OF     REFERENCES 


55 


LIST  OF  REFERENCES 


1,  R.  Johansen,  "In  Situ  Strength  Evaluation  of  Con- 
crete -  The  "Break-Off"  Method,"  Concrete  International, 
ACI,  pp45-51,  1979. 

2.  R.E.  Philleo,  "A  Need  for  In-Sltu  Testing  of  Con- 
crete," Concrete  International,  ACI,  pp  43-44,  Sept  1979. 


3.  R.  Johansen  and  E.  Dahl-J orgensen ,  "Quality  Con- 
trol of  Concrete  Structures,"  Cement  and  Concrete  Research 
Institute  (FCB),  Trondheim  Norway,  June  17-21,  1979. 


4.  R.  Johansen,  "A  New  Method  for  Determination  of 
In-Place  Concrete  Strength  at  Form  Removal,"  First  Euro- 
pean Colloquium  on  Construction  Quality  Control,  Madrid, 
March  1976. 


5.  V  .M .  Malhotra  and  G,  Carette,  "Comparison  of  Ful- 
lout  Strength  of  Concrete  with  Compressive  Strength  of 
Cylinders  and  Cores,  Pulse  Velocity  and  Rebound  Number," 
ACI  Journal,  May-June  1980. 

6.  P.  Kierkegaard -Hanson ,  "L ok-Streng th , "  Nordisk 
Betong ,  Journal  of  the  Nordic  Concrete  Federation,  Issue 
3,  1975. 


7.  0.  Richards,  "Pullout  Strength  of  Concrete," 
Reproducibility  and  Accuracy  of  Mechanical  Tests,  ASTM  STP 
626,  American  Society  for  Testing  and  Materials,  pp32-40, 
1977. 


8.  E.  Dahl-Jorgensen,  "In-Situ  Strength  of  Concrete, 
Laboratory  and  Field  Tests,"  Cement  and  Concrete  Research 
Institute  The  Norweigian  Institute  of   Technology,   report 


56 


No.  STF  65  A  82032,  Norway,  June  4,  1982. 


9.  V.M.  Malhotra  and  G.  Carette,  "In-Situ  Testing  for 
Concrete  Strength,"  Canmet,  report  79-30,  1979. 


10.  V.M.  Malhotra,  "Testing  Hardened   Concrete:   Non- 
destructive Methods,"  ACI  Monograph  No. 9,  1976. 


11.  G.E.  Troxell,  E.D.  Harmer,  and  J .W .  Kelly,  "Com- 
position and  Properties  of  Concrete,"  2nd  edition  McGraw- 
Hill,  1968. 


12.  M.  Yener,  and  W.F.  Chen,  "Nondestructive  In-Place 
Testing  for  Fail-Safe  Cons  truce t ion  of  Concrete  Struc- 
tures," School  of  Civil  Engineering,  Purdue  University, 
No.  CE-STR-82-40 ,  W.  Laffayette,  Indiana,  1982. 


13.  J.  Byfors,  "Plain  Concrete  at  Early  Ages,"  Swed- 
ish Cement  and  Concrete  Research  Institute,  Pack  S-lOG  44 
Stocholm  70,  1980. 


14.  "Testing  of  In-Place  Concrete  Strength,"  Extract 
from  Symposium  on  Concrete  Research,  Nordic  Concrete  Asso- 
ciation, Oslo,  1976. 


15.  E.  Dahl-Jorgensen,  "Breakoff  and  Pull-off  Methods 
for  Testing  Epoxy-Concre t e  Bonding  Strength,"  The  Founda- 
tion of  Scientific  and  Industrial  Research  at  the 
Norweigian  Institute  of  Technology,  Sept.  15,  1982. 


16.  "THE  TNS-TESTER"  User  Manual.  Cement  and  Concrete 
Research  Institute  The  Norwegian  Institute  of  Technology, 
N  7034  Trondheim,  NTH,  Norway.  Einar  Dahl-Jorgensen. 


17.  C.J.  Monlezun,  "Two-Dimens iona 1  Plots  for  Inter- 
preting Interactions  in  the  Three-Factor  Analysis  of  Vari- 
ance Model,"  The  American  Statistician,  Vol.33,  No. 2,  pp 
63-69,  May  1979. 


APPENDICES 


57 


APPENDIX  A 
Original  Test  Data 
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Cylinder  Test 

Batch   

No.    f'<c>  MPa,  Mean 


Table  Al.  Original  Test  Data. 

Beam  Test        Breakoff  Test 
f  <r>  MPa,  Mean    f  <bo>  MPa, Mean 


41.23       40.12 

7  .07 

41  .08 

6.43 

40.71 

6.34 

40.53 

6  .34 

40.53 

6.22 

39.82 

6  .22 

39.45 

6.09 

39.45 

5.95 

39.22 

5.83 

39.15 

5.69 

36.70       35.67 

5.74 

36.70 

5.45 

36.70 

5.33 

36.46 

5.33 

35.72 

5.26 

35  .36 

5.21 

34  .99 

5.12 

34.87 

5.03 

34.63 

4  .98 

34.38 

4.81 

28.77       27.58                 5.21 

28.41 

5.21 

28.29 

5.17 

28.29 

5.17 

28.16 

5.10 

27.56 

4.93 

26.95 

4.76 

26.95 

4.52 

26.58 

4.40 

25  .85 

4.10 

37.55       35,39                 6.36 

36.21 

5.77 

36.09 

5.69 

35.85 

5.62 

35.24 

5.55 

34.63 

5.45 

34.38 

5.33 

34.26 

5.21 

34.14 

5.08 

33.53 

4.90 

6.22 


5  .23 


4  .86 


5.50 


8.97 
8.28 
8.13 
8.13 
8.05 
7  .95 
7.60 


8.16 


7 
6 
6 
6 
6 


49 
99 
57 
19 
08 


6  .00 
5  .89 
5  .78 
5.62 

5  .09 

6.27 

6  .23 
6.16 
6.12 
6  .00 
5  .78 
5.78 
5.43 
5.43 

5  .32 

6  .23 
6.16 
6.16 
6  .04 
6  .00 
5  .93 
5  .89 
5  .70 
5.70 
5  .32 


6.17 


5  .91 
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Table  Al,  Continued. 

Cylinder  Test        Beam  Test 

Batch   

No.    f'<c>  MPa,  Mean    f  <r>  MPa,  Mean 


34  .63 
32.80 
32.55 
32.55 
32.19 
31  .82 
31  .33 
31  .33 

30  .60 

29  .75 

34.38 
32.92 
32.68 

31  .21 
31  .09 
31  .09 
31  .09 
30.97 

30  .60 
30.24 

35  .36 
34  .87 
34  .87 
34  .26 
34.14 
34  .14 
33  .16 
33.04 
32.68 

31  .33 

42.06 
41  .70 
41  .45 
41  .21 
40  .60 
40.24 
40  .24 
39  .87 
39  .63 
38.16 


31  .96 


31  .63 


33  .79 


40  .52 


5. 

71 

5. 

71 

5. 

65 

5. 

43 

5. 

31 

5. 

17 

5. 

12 

5. 

12 

4. 

93 

4. 

81 

6. 

03 

5. 

76 

5. 

45 

5. 

41 

5. 

29 

5. 

21 

5 

.17 

5 

.14 

4 

.55 

4 

.15 

5 

.98 

5 

.67 

5 

.55 

5 

.53 

5 

.45 

5 

.45 

5 

.27 

5 

.15 

5 

.10 

4 

.84 

6 

.00 

5 

.79 

5 

.52 

5 

.46 

5 

.38 

5 

.31 

5 

.08 

4 

.93 

4 

.67 

4 

.57 

5  .30 


5  .22 


5.40 


5.27 


=  =  =r  =  =:  =  =  =  =  3a=3: 

s  =  s=  =  s  =z 

Breakof f 

Tes  t 

f  <bo>  MP 

a , Mean 

6.31 

5.46 

5.93 

5.81 

5  .66 

5.43 

5.36 

5.32 

5.17 

4.98 

4.60 

6  .99 

5  .93 

6.65 

6.57 

6.27 

6.23 

5  .70 

5.59 

5.55 

5.51 

4.22 

6  .65 

6  .13 

6.61 

6.52 

6  .38 

6.31 

6.23 

6.08 

5  .89 

5.32 

5.28 

7  .68 

6.29 

7.60 

6  .61 

6.61 

6.23 

6.00 

5.70 

5.62 

5.51 

5.32 
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Table  Al ,  Continued . 

Cylinder  Test        Beam  Test 

Batch   

No.    f <c>  MPa,  Mean    f  <r>  MPa,  Mean 


10 


11 


12 


45  .11 
44  .01 
43.77 
43.28 
42.67 
42.06 
41  .82 
41  .70 
40  .84 
38.28 

34  .14 
32.19 
32.19 
31  .21 
31  .21 
31  .21 


30 
30 
29 
29 


85 
36 

75 
51 


44  .38 
43.41 
43.28 
42.80 
42.67 
42.31 
42.06 
41  .82 
41.45 
41  .09 


42.35 


31  .26 


42.53 


7  .07 
6.79 
6.67 
6.60 
6.45 
6  .33 
6  .31 
6  .29 

6  .27 
6.27 

4.77 
4.64 
4.62 
4  .59 
4  .36 
4  .17 
3.95 
3.91 
3.81 
3.69 

7  .45 
6  .96 
6.79 
6.50 
6.50 

6  .43 
6.33 
6.29 
5.95 
5.64 

7.86 

7  .46 
8.62 
7.58 
7.34 
7.24 
7.14 
6.96 
6.89 
6.55 


6.51 


4.25 


6  .48 


7  .36 


Breakof f 

Test 

f    <bo>    MP, 

a  , Mean 

6.54 

6  .14 

6.54 

6.46 

6.38 

6.38 

6.31 

6  .16 

5.70 

5.55 

5.40 

6.54 

5  .85 

6.38 

6.27 

6.23 

6.16 

5.66 

5.55 

5.51 

5  .40 

4.79 

7.45 

6  .59 

7  .22 

7.22 

7  .22 

6.84 

6.38 

6.00 

5.97 

5.81 

5.78 

9.46 

9  .25 

9.04 
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Table  Al,  Continued. 
Cylinder  Test        Beam  Test 


Batch   

No.  f <c>    MP a.    Mean         f    <r>    MP a,    Mean 


Breakoff    Test 
f    <bo>    MP a, Mean 


13 


14 


7. 

.52 

7  , 

.22 

6, 

.97 

6, 

.71 

6, 

.60 

7  , 

.43 

7, 

.16 

6  . 

.97 

6 

.91 

6 

.88 

6 

.69 

5 

.69 

5 

.43 

5 

.43 

4 

.91 

4 

.79 

4 

.76 

4 

.67 

4 

.65 

4 

.50 

7  .04 


5  .15 


9  .31 
8.59 
8.32 
6  .95 
6  .91 


8.02 


9  .49 
9  .49 
9.04 
8.81 
7  .98 
7.14 
6.99 
6.84 


8.22 
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APPENDIX  B 


Detailed  Description  of  the  Norcem  Load  Apparatus 
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Bl        DESIGN 

The  in-situ  concrete  strength  testing  apparatus  con- 
sists of  two  separate  main  parts  (see  Figure  Bl).  In  the 
following,  the  numbers  in  parentheses  refer  to  the  parts 
indicated     in    Figure    Bl. 

Bl.l       PUMP    AND    MANOMETER    (class     06,     range    0-250       kp/square 
cm)  . 

The  pump  includes  an  oil  reservoir  (2)  with  a  lid 
(3),  piston  (4),  air  escape  valve  (5)  with  a  pull-out 
chain,  pump  casing  (1)  including  a  delivery  valve  (28), 
unloading  valve  (18),  pump  piston  (12),  pump  lever  (22), 
return    spring     (15),     and    manometer     (23)    with    a    scale     (47). 

B1.2       LOAD    CELL 


The  load  cell  consists  of  a  main  pipe  (8),  a  lid 
(10),  load  lever  (9),  hinge  (U),  load  cylinder  (32) 
including  a  piston  (33),  return  spring  (43)  and  a  flexible 
tube  (38)  (1/4"  hydraulic  tube,  type  4J04  with  coupling 
MP0404  MU  at  both  ends). 
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B1.3   SPARE  PARTS 

<6>  0"  ring  RMO  255-30,  <17>  0"  ring  SOR  1,  <19>  0" 
ring  SOR  1,  <20>  valve  ball  (ballbearing  ball  0  49,  <21> 
valve  seating  (copper),  <34>  0"  ring  R  20A3  silicon. 

B2   MODE  OF  OPERATION 

The  pump  works  in  two  stages: 

Stage  #1;  The  hydraulic  oil  is  supplied  by  the  pump 
piston  (12)  through  the  delivery  valve  (28). 

Stage  #2;  The  return  spring  (15)  forces  the  pump  pis- 
ton (12)  to  the  rear  position  when  the  pump  lever  (22)  is 
released.  The  delivery  valve  (28)  will  close  and  a  vacuum 
is  created  above  the  pump  piston.  The  supply  hole  from  the 
oil  reservoir  (2)  is  uncovered.  The  atmospheric  pressure 
above  the  piston  (4)  in  the  oil  reservoir  will  then  fill 
up  the  pump  cylinder. 

The  oil  reservoir  is  full  when  the  rear  of  the  piston 
(4)  is  positioned  approximately  10-15mm  (3/8-5/8")  from 
the  top  of  the  oil  cylinder  (2).  The  oil  reservoir  is  emp- 
tied when  this  distance  is  80  mm  (3  and  1/8  in.).  The 
apparatus  contains  in  all  about  65  cubic  cm  of  oil  type 
S40  (for  example  TEXACO  Way  Lubricant  D,  ESSO  Product  EF  - 
177,  SHELL  Tonna  Oil  33). 
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Figure  B  I  .   Schematic  of  Norcem  Load  Apparatus. 
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